Acidity is a critical component of the apple fruit consumption experience. In previous biparental family studies, two large-effect acidity QTLs were reported using freshly harvested fruit. Objectives of this study were to determine the number and location of QTLs for acidity variation in a large apple breeding program and ascertain the quantitative effects and breeding relevance of QTL allelic combinations at harvest and after commercially relevant periods of cold storage. Pedigree-connected germplasm of 16 full-sib families representing nine important breeding parents, genotyped for the 8K SNP array, was assessed for titratable acidity at harvest and after 10-and 20-week storage treatments, for three successive seasons. Using pedigree-based QTL mapping software, FlexQTL™, evidence was found for only two QTLs, on linkage groups 16 (the reported Ma locus) and LG 8 (here called Ma3) that jointly explained 66 ± 5% of the phenotypic variation. An additive allele dosage model for the two QTLs effectively explained most acidity variation, with an average of + 1.8 mg/L at harvest per high-acidity allele. The more high-acidity alleles, the faster the depletion with storage, with all combinations appearing to eventually converge to a common baseline. All parent cultivars and selections had one or two of the four possible high-acidity alleles. Each QTL had a rare second high-acidity allele with stronger or reduced effect. Diagnostic SNP markers were identified for QTL alleles derived from distinct sources. Combined QTL effects highlighted utility of the DNAbased information in new cultivar development for targeting desired fruit acidity levels before or after storage.
Introduction
Acidity is a critical component of the apple fruit consumption experience. Apple fruit are popular worldwide, consumed as either fresh or processed products and contributing to human health and well-being (Iwanami et al. 2012) . Fruit acidity affects overall apple flavor and the perception of other flavor traits such as sweetness and aroma, therefore influencing consumer satisfaction (Harker et al. 2003; Iwanami et al. 2012) . Malic acid is the major organic acid in mature apple fruit (Zhang et al. 2010) , and can be measured sensorially by taste or instrumentally by titration or as organic acid content of fruit juice. Commercially, most apple fruit are stored then eaten months to a year after harvest because apples are harvested for only 3 to 4 months yet available to consumers all year round (Watkins 2017) . During storage, malic acid content declines (Haynes 1925; Kouassi et al. 2009 ) and can reach low levels associated with lower satisfaction for some segments of consumers (Harker et al. 2008) . However, there is genetic variation for acidity levels before and after storage among common cultivars (Rouchaud et al. 1985; Iwanami et al. 2008 ) and among germplasm in breeding programs (Ma et al. 2015b; Cliff et al. 2016 ). An understanding of the components of that genetic variation for fruit acidity would aid development of new apple cultivars that produce fruit with target levels of acidity.
Genetic studies of apple fruit acidity have revealed the presence of major genetic factors. Wellington (1924) described Bsweet flavor^(essentially the absence of strong acidity) as a recessive character. By evaluating apple seedlings on a five-point sensory scale from sour to sweet, Crane and Lawrence (1934) ascribed homozygosity or heterozygosity to more than 20 apple cultivars and almost 600 seedlings. Nybom (1959) and Visser and Verhaegh (1978) using independent segregation ratio analysis and analysis of variances, respectively, confirmed the observation that low acidity behaves as a recessive phenotype although it is rarely observed among apple cultivars and selections. Dove and Murphy (1936) and Nybom (1959) suggested that early seedling selection for fruit acidity levels could be conducted using the indirect measure of leaf pH. Visser and Verhaegh (1978) introduced the Malic acid (Ma) locus to explain these observations of relatively simple inheritance.
Quantitative trait loci (QTLs) for apple fruit acidity have been located in the apple genome, especially at the Ma locus. Maliepaard et al. (1998) were the first to map the Ma locus as a morphological marker to the top of linkage group (LG) 16 using a biparental F 1 mapping family for which both parents were heterozygous. Using QTL interval mapping with common cultivars as parents, numerous studies reported incomplete dominance of the high-acidity BMa^allele over the lowacid Bma^allele (King et al. 2000 (King et al. , 2001 Liebhard et al. 2003; Xu et al. 2012; Khan et al. 2013) . Liebhard et al. (2003) described a second significant QTL for acidity on LG 8 that explained 46% of the phenotypic variation in a cross between 'Fiesta' and 'Discovery' that also segregated for Ma (42% of the phenotypic variation). Similarly, Kenis et al. (2008) using the biparental family 'Telamon' × 'Braeburn' reported significant QTLs for acidity at both loci: in the vicinity of the Ma locus in two consecutive years as well as on LG 8, although the latter was detected in only one of the years. Zhang et al. (2012) , using the biparental family 'Jonathan' × 'Golden Delicious,' reported a LG 8 QTL for malic acid that explained 13.5% of the phenotypic variation (total organic acid content assessed by gas chromatography). Ma et al. (2016) reported QTL at both loci that explained 12% and 14% of the phenotypic variation. Kumar et al. (2012) also reported QTLs for acidity on LG 8 and LG 16 in a genomic selection study with a training population of seven full-sib families. King et al. (2000) , using the same mapping population as Maliepaard et al. (1998) , reported a QTL for acidity in the vicinity of the Ma locus, with significant influences also on firmness and sensory traits of crispness, juiciness, sponginess, and overall liking. Minor QTLs for acidity were reported on LGs 2, 10, 13, 15, and 17 in the 'Telamon' × 'Braeburn' family (Kenis et al. 2008 ). In a cross between 'Royal Gala' and the Malus sieversii accession PI 613988, Xu et al. (2012) detected a major QTL at the Ma locus and minor QTLs for acidity on LGs 1 and 6.
Allelic variation in genes of the biochemical pathways underlying fruit acidity biosynthesis and degradation or in genes that affect the transport, storage, and use of acids might underlie the detected QTLs. Several biochemical pathways are involved in the synthesis and metabolism of malate, the precursor of malic acid. In the glycolysis pathway, carboxylation of phosphoenol pyruvate occurs in the cytoplasm, producing oxaloacetate, which is reduced to the volatile compound malate by NAD-dependent malate dehydrogenase (Etienne et al. 2013) . Other pathways that could also influence cytoplasmic malate content are as follows: the conversion of malate from pyruvate by NADP-linked malic enzyme in the chloroplast; the conversion to malate of glyoxylate and oxaloacetic acid by malate synthase and NAD-linked malate dehydrogenase, respectively, in the glyoxysome; the conversion of malate from fumarate by fumarase in mitochondria; and the efflux of malate from the vacuole into the cytoplasm (Sweetman et al. 2009 ). Once fruit are harvested, continued respiration depletes available cellular malate, underlying the typical reduction in acidity throughout the postharvest storage period (Etienne et al. 2013) . Bai et al. (2012) provided strong evidence that underlying the Ma locus is an aluminum-activated malate transporter gene (ALMT1) coding for the protein responsible for transporting malic acid molecules from the cytosol to the vacuole where~90% of cell sap is stored. The transport of malate over the vacuole is dependent on the acidity level of the vacuole and membrane potential across the tonoplast (Martinoia et al. 2007 ). More acidic conditions within the vacuole can lead to a change in the malate's protonation state, which can further support accumulation, especially if the transporter involved is specific for one form of malate (Martinoia et al. 2007) . In plants, the proton pumps VATPase and V-PPase are involved in vacuolar acidification (Martinoia et al. 2007 ). In apple, such genes have been identified, and their involvement in vacuolar acidification and malate accumulation has been confirmed (Hu et al. 2016 (Hu et al. , 2017 Jia et al. 2018) . Coordination of these proton pumps and malate transporters is under research and seems to involve a complex network of regulating and signaling genes that include the MYB genes MdMYB1, MdMYB44, and MdMYB73 (Hu et al. 2016 (Hu et al. , 2017 Jia et al. 2018 ) of which MdMYB73 is influenced by, among others, the MdCIbHLH1 gene involved in cold tolerance (Hu et al. 2017) .
Knowledge gained from genetic dissection of apple acidity is not yet sufficient for widespread exploitation in breeding. For the most consistently detected trait loci on LG 16 (Ma) and LG 8 (hereby termed Ma3), several unknowns remain. It is unclear whether the QTL effects are maintained across genomic backgrounds of typical breeding germplasm. The highor low-acidity alleles reported across the various families might be identical-by-descent or represent distinct sources that might differ in quantitative effects. How allelic combinations at the two loci interact to produce genetic potential for fruit acidity is unexplored. Other QTLs might also significantly contribute to acidity genetic potential in wider germplasm than that represented by the biparental family parents. Reports described influences of the loci on freshly harvested fruit, but the more commercially pertinent effects on fruit after storage are not known. Determining the frequency of acidityassociated alleles and their distributions across breeding germplasm would help determine the breeding relevance of significant loci.
Key experimental resources are now in place to characterize the major genetic factors influencing apple fruit acidity at harvest and after storage for diverse breeding germplasm. Genetic improvement in fruit quality via superior new scion cultivars that can satisfy both consumer and industry needs is a primary target of the multi-institutional, US-wide, and international RosBREED project (Iezzoni et al. 2010; www. rosbreed.org) and the participating Washington State University (WSU) Apple Breeding Program (Evans 2013 ). The pedigree-based analysis (PBA) approach (van de Weg et al. 2004; Bink et al. 2012 Bink et al. , 2014 has been established for the aforementioned breeding program in the RosBREED project, enabling efficient detection and validation of segregating alleles in multiple families ). The US apple Crop Reference Set (CR Set), representing alleles of important parents of US apple breeding germplasm, has been established ) and phenotyped for numerous traits, including fruit quality after storage, using standardized protocols (Evans et al. 2012 ).
The objectives of this study were to determine the number and location of QTLs for acidity variation in a large apple breeding program and ascertain the quantitative effects and breeding relevance of QTL allelic combinations at harvest and after commercially relevant periods of cold storage.
Materials and methods

Breeding germplasm
The germplasm set used was a subset of the US apple Crop Reference Set supplemented with a Breeding Pedigree Set specific to the WSU program and chosen to efficiently represent genome-wide alleles of important breeding parents of the WSU breeding program as described by Peace et al. (2014) . Parentage records were verified first using three SSR markers, Md-Exp7 SSR (Costa et al. 2008), CH05c06, and Hi04e04 (Silfverberg-Dilworth et al. 2006; Velasco et al. 2010 ) and then with SNP array markers using procedures described in Pikunova et al. (2013) and van de Weg et al. (2018) . The final pedigree-connected germplasm consisted of 16 F 1 full-sib families with 200 offspring (Online Resource 1) representing nine important breeding parents ('Arlet,' 'Aurora Golden Gala,' 'Cripps Pink,' 'Delicious,' 'Enterprise,' 'Honeycrisp,' 'Splendour,' 'WA 5,' and selection W1), 25 of their ancestors, and 18 genetically related cultivars and selections supporting the phasing of marker data in ancestral generations.
Phenotypic data
Crop load management and fruit maturity assessment were conducted according to Evans et al. (2012) . Titratable acidity (TA, in mg/L malic acid equivalents) using an Auto-Titrator (Metrohm 815 Robotic USB Sample Processor XL, Metrohm USA, Inc., Riverview, FL, USA) was determined for fruit of the germplasm set over three harvest years with three storage treatments within each year: at harvest with no storage (H); after 10 weeks of cold storage followed by 1 week at room temperature (10wk); and after 20 weeks of cold storage followed by 1 week at room temperature (20wk), as described by Evans et al. (2012) . These storage periods were chosen for their commercial relevance. For each assessment, the juice of equally sized portions of preferably five but at least four fruit were pooled. Phenotypic data were checked for errors and statistical outliers by plotting phenotypic correlations among pairs of years within a storage treatment and plotting TA levels over storage within each year. To identify erroneous data within expected bounds for an individual but outside the overriding trend of decreasing TA levels over storage, triplets of data points over the three storage periods for each individual within each year were examined for TA increases of more than 1.5 mg/L from H to 10wk or from 10wk to 20wk. Twenty-one such single deviating data points were removed (Online Resources 2 and 3). Inspection of each individual triplet identified one more individual with an unusually low acidity at 20wk in 2012, for which a data point was then made missing (Online Resource 4). To identify erroneous data across years, triplets across years for each individual at H were examined for cases of one data point being at least 2 mg/L higher or lower in TA than the other two data points, and were subsequently made missing (Online Resource 5). To avoid biases from prior breeding selection for superior performance , only the phenotypic data of offspring within the full-sib families were used for QTL analyses. The original phenotypic data set prior to the above-described curation is provided in Online Resource 6, together with the curated data set.
Heritability
A linear mixed model (individual or animal model) was fitted to the titratable acidity data using univariate analyses in ASReml software 4.1:
where μ is the overall mean; S i is a fixed year-replicate effect; ind j is the random additive effect of individual, with ind∼NID 0; σ 2 a A À Á where A is the matrix numerator relationship based on genome-wide inbreeding coefficients calculated from pedigree information and where NIDð0; σ and I 2 are dominance and epistasis effects, respectively, expressed as proportions of total phenotypic variance (Costa e Silva et al. 2004) . Total phenotypic variance was calculated from the observed phenotypic data and set equal to the above mentioned variance components as σ 
Genotypic data
Progenies and available progenitors were genotyped with the International RosBREED SNP Consortium apple 8K SNP array v1, an Infinium™ array (Chagné et al. 2012a ). GenomeStudio™ genotyping software was used for marker calling. Next, ASSIsT software (Di Guardo et al. 2015) was used for filtering of SNP markers, whereby markers with recognized null alleles were removed, and to prepare an input file in FlexQTL™ format via software FlexQTL DataPrepper (www.flexqtl.nl). Marker data were curated using marker consistency, double recombination reports, graphical genotyping plots as generated by FlexQTL™ and VisualFlexQTL (Bink et al. 2014, www.flexqtl.nl) , and problematic markers were eliminated and double-recombinant singletons were made missing through FlexQTL™ parameter settings. Genetic positions of the filtered 1344 SNP markers for QTL analysis were obtained from an early version of Howard et al. (2017) , with an average position difference of 0.33 cM and with any additonal SNPs (such as ss475879082, ss475882553, and ss475883359) genetically positioned by relative physical location. SNP data on ancestors that had not been genotyped within the RosBREED project were complemented where feasible with 20K Infinium™ SNP array (Bianco et al. 2014 ) data from the FruitBreedomics project (Laurens et al. 2010 (data not shown). The reported causal SNP for the major phenotypic difference at the Ma locus, Ma1-SNP1455 (Bai et al. 2012) , was also used to genotype the germplasm set using Taqman® assay AHCTENE (Chagné et al. 2019) ; this SNP was used to confirm results from the QTL analyses. Positions of markers on the GDDH13v1.1 reference genome were determined from the Genome Database for Rosaceae (Jung et al. 2014 ) using BLASTn or, in cases of no hits, through manual examination of this genome sequence through the genome browser at https:// iris.angers.inra.fr/gddh13/ Bvisit the apple genome.Q
TL detection and characterization
FlexQTL™ software, which implements pedigree-based QTL analysis via Markov Chain Monte Carlo (MCMC) simulation (Bink et al. 2002 www.flexqtl.nl) , was used for QTL analyses, where an initial genome-wide analysis was followed by an analysis targeting only the set of LGs that harbored significant and repeatable QTLs. The model parameter settings (Online Resource 7) enabled convergence to be reached. The Bayes factor parameter (2lnBF 10 ) was interpreted as nonsignificant (0-2), positive (2-5), strong (5-10), or decisive (> 10) evidence for presence of QTLs (Kass and Raftery 1995) . Chromosome-wide evidence was collected for N QTL models 1/0 and 2/1 to n n − 1. QTLs were considered significant and repeatable where the 2lnBF 10 for QTLs in the same genomic region for at least most of the nine evaluation points were equal to or greater than 5. For data of each storage period, replicated runs were performed until two runs were obtained that met the effective chain size criteria for convergence. QTL regions were recorded as a series of successive 2 cM bins with 2*ln Bayes factors that were greater than 5. MapChart (Voorrips 2002) and VisualFlexQTL™ (www.flexqtl.nl) software were used to visualize FlexQTL™ output on traces of convergence of QTL models, positions, and genotypes. The mode of a QTL was used as its most probable position. Delineation of QTL regions, QTL genotypes (QQ, Qq, or qq), breeding values, and additive variances associated with the QTL regions were estimated with FlexQTL™, where alleles Q and q refer to alleles associated with high and low phenotypic values, respectively.
The QTL analyses of FlexQTL™ aggregates segregation information across SNPs. It translate this information to IBD probabilities of 2 cM bins (chromosome segments), whereby founder alleles are used as statistical factors. This aggregation of segregation information makes the analyses less sensitive for individual markers having (some) missing data. To facilitate downstream analyses by other software, we imputed missing data for the QTL-associated SNP markers where possible. Original and missing-data-curated genotypic data are provided in Online Resource 6.
The proportion of phenotypic variance explained by each QTL was estimated from FlexQTL™ output of an additive genetic model by dividing the variance explained by the QTL region (AVt1) by the total phenotypic variance for each run replicate (similar to Mangandi et al. (2017) but in that paper the QTL variances were incorrectly weighted by the probability, the proportion of sampled QTL models that upheld the QTL; as the QTL reported there had a probability close to 1, the numerical difference is minimal). These estimates were conducted only where the QTL genotypes of full-sib family parents were identical to consensus QTL genotypes across all years and run replicates determined for the at-harvest data.
The SNPs chosen for haplotyping each QTL were those within a region representing a consensus of the highest posterior densities determined by FlexQTL™ for each storage period-year-run replicate QTL analysis. At the Ma3 QTL, three SNPs (ss475876134, ss475882878, and ss475879095) were removed that had a redundant segregation pattern across all germplasm to other SNPs (ss475882875, ss475878886, and ss475879097, respectively). Haplotypes were constructed across the germplasm for Ma and Ma3 using PediHaplotyper , including automated imputation of missing data, with marker phasing by FlexQTL™.
To examine differences in effect among Q alleles of different origin, offspring were assigned to compound Ma and Ma3 QTL genotypes such that comparisons could be based on individuals with the same genotype for the second acidity QTL. Cumulative frequency distributions for TA content at harvest, using averages for each of the 3 years, were generated and year-pairs of distributions were statistically tested for differences with the two-sample Kolmogorov-Smirnov test (p < 0.05). Families derived from selection W1 were excluded from such quantitative analyses of Ma alleles because of functional diversity detected between its Ma3 alleles. To examine differences in effect among QTL alleles at Ma3 for W1, W1 offspring were categorized according to their SNP haplotype at Ma3. Each of the two sets was further subdivided into three classes according to their FlexQTL™-estimated number of Bbackground^q alleles at Ma and Ma3. Next, TA values were normalized by dividing an individual's observed TA by the average TA of the offspring with the same number of background Q alleles. Effects of the two W1 haplotypes were then compared across each background using the two-sample Kolmogorov-Smirnov test (p < 0.05). Representation of marker haplotypes in the breeding families was calculated based on FlexQTL™-derived identity-by-descent (IBD) estimates (reported in FlexQTL's output file Bpedimap.ped^).
Dominance levels of each QTL were calculated from the difference between TA content of Qq heterozygotes and the mean of theand QQ homozygotes, expressed as its proportion of half the difference in TA content between the two homozygotes. The level of dominance of each QTL was estimated for each storage period and year on subsets of offspring that had the same QTL genotype for the other, non-targeted QTL and that also had at least three individuals representing each of the three QTL genotype classes. In case of inconsistencies, the most prevalent genotype was used. These obtained consensus QTL genotypes were used in each of the nine storage period-year combinations.
Results
Acidity changes over storage and stability over years
In the original phenotypic data set, differences between years in TA at harvest were as high as 4.2 mg/L within the same individuals. After conversion of at-harvest data to missing for 22 offspring deviating by at least 2.0 mg/L for 1 year from the other two, higher correlations between years were achieved with r 2 increasing from 0.54-0.66 to 0.65-0.78 (Online Resource 8). After this phenotypic data curation, across all progenies and years, TA decreased by an average of 2.5 mg/ L over the entire storage and ripening period (Fig. 1) . For most offspring, about half this acidity loss had occurred after the mid-duration storage treatment of 10wk ( Fig. 1) , such that for each year the three data points for the three storage periods were tight to their regression line (Online Resource 2). Within each family, TA distributions tended to be continuous at harvest, and the prevalence of discontinuous distributions increased with storage period (Online Resource 9).
Broad-and narrow-sense heritability estimates decreased with storage duration, from 0.87 and 0.84 respectively at harvest to 0.63 and 0.22 for 20wk (Table 1) . The calculated variance components of the broad-sense heritability associated with family and individuals within families were minor for H and 10wk, thus supporting use of an additive genetic model in QTL analyses. However, for 20wk, these two variance components and additive variance had similar contributions and each had large standard errors.
QTLs detected: Ma and Ma3
For each storage treatment and year combination, two to six simulations with different seeds were needed to obtain full convergence in two of those simulations that were then designated as two replicate runs. At harvest, two QTLs for fruit acidity with decisive statistical evidence (2lnBF 10 > 30) were detected at LG 8 and LG 16 in each year and with each replicative run, and no further significant QTLs were found (Online Resource 10). Genetic positions of the mode of each of these two QTLs varied by approximately 5 cM among years ( Fig. 2) and were considered to represent the same QTL. The position mode of the LG 8 QTL was at 28 cM for two of the years (2010 and 2012), and the frequency by which this position occurred in the sampled QTL models dominated that of any other position. In 2011, the QTL interval was more dispersed but included the consensus position. For the LG 16 QTL in 2010 and 2011, FlexQTL™ results suggested it was positioned in the first 4 cM of the chromosome, whereas for 2012 it tended to be detected in the 6-8 cM bin. These LG 16 QTL positions coincided with the genetic position of the previously reported Ma (Maliepaard et al. 1998; Liebhard et al. 2003; Khan et al. 2013) . Furthermore, two SNPs in the 6-8 cM bin, ss475881682 and ss475876558, flanked the aluminum-activated malate transporter gene ALMT1 (MDP0000252114, Online Resource 11), previously determined to likely represent the gene underlying Ma (Bai et al. 2012; Khan et al. 2013; Ma et al. 2015b ). Hereafter, the LG 16 QTL is considered to be Ma. The LG 8 QTL is hereafter referred to as Ma3 (BMa2^was previously assigned by Bai et al. (2012) to a candidate gene in the vicinity of Ma).
QTL analyses for fruit acidity after storage detected QTLs at the same genomic regions as for at harvest, i.e., Ma and Ma3 (Fig. 2) , and no additional significant QTLs were found (Online Resource 12). Evidence for the presence of these after-storage QTLs was more variable than for acidity at harvest although the posterior probability remained strong to decisive, except in one case (20wk in 2011) where the evidence was just below the threshold for both run replicates (Online Resource 12). 
QTL genotypes of important breeding parents
Genotype estimates revealed that the Q allele representing relatively high-acidity levels was common among breeding parents for Ma and rare for Ma3 (Table 2 ). For Ma, QTL genotypes for TA at harvest were mostly consistent across years and run replicates (Online Resource 13); two parents were classified as QQ ('Honeycrisp' and W1), while the other seven were classified as Qq. For Ma3, QTL genotype estimates for TA at harvest were also mostly consistent across years and run replicates; three were classified as Qq ('Cripps Pink,' 'Enterprise,' and 'WA 5') and the other six were(Online Resource 13). Ma and Ma3 genotype estimates for 'Enterprise' and W1 were sometimes inconclusive at 10wk or 20wk. Consistent after-storage QTL genotype estimates for those two parents could not be identified from alternative parameter settings nor additional data curation considerations. The final interpretation of QTL genotypes for each of the nine parents (Table 2) was that determined from the at-harvest results. Although zero to four Q alleles were possible within any individual across the two loci, all parent cultivars and selections had only one ('Delicious,' 'Arlet,' 'Aurora Golden Gala,' and 'Splendour') or two (all others) Q alleles.
Sources, associated SNPs, and effects of QTL alleles
Ancestral origins of the parental Q and q alleles were successfully traced via SNP haplotypes spanning the QTLs (Table 3) . For Ma, each parent of the full-sib families had one or two Q alleles that were traced through the pedigree to eight or nine ancestors: 'Winesap' 'Frostbite,' 'Duchess of Oldenburg,' NJ 27, NJ 136055, perhaps F2-26829-2-2, and the unknown paternal parents of 'Golden Delicious,' 'Jonathan,' and 'Lady Williams.' Ancestors 'Grimes Golden,' 'McIntosh,' and an unknown parent of 'Delicious' were the sources of q alleles for the Ma QTL. For Ma3, the Q alleles for high acidity in important breeding parents 'Cripps Pink,' 'Enterprise,' and 'WA 5' were inherited from ancestors 'Granny Smith,' 'McIntosh,' and F2-26829-2-2, respectively. Specific SNP markers were indicative of the high-acidity Ma allele. The B-allele of SNP marker ss475882553 was almost always associated with Q-Ma among the parental haplotypes. Only one Q-allele source ('Duchess of Oldenburg') lacked this SNP allele, but a unique B-allele at another SNP (ss475881815) was source-specific for this Q allele. The presence of two distinct Q-allele sources for Ma was thus indicated, a common one characterized by ss475882553-B (Q) and a rare one by ss475881815-B (Q 2 ). The B-alleles for those two SNPs were therefore always associated with a Q allele of Ma. For the reported causal SNP of the Ma locus, 
MN 1627 > Golden Delicious/Duchess of Oldenburg > (Grimes Golden/Duchess of Oldenburg) Aurora Golden Gala q BAAABBABB F-ma3 Splendour > Golden Delicious > (F_Golden Delicious) Ma1-SNP1455 via the Taqman® assay AHCTENE, the G allele was always associated with Ma, both Q and Q 2 , and correspondingly the A allele was always associated with q-ma. Some cultivars shared the same SNP haplotype for Ma3 while these haplotypes came from different lineages and were associated with different-effect QTL alleles (Table 3) . Haplotypes B McMa3 of 'Enterprise' and B GG+DO -ma3 of 'Honeycrisp' were identical-by-state (IBS) but not IBD according to available pedigree information, as 'Enterprise' inherited its haplotype from 'McIntosh' while that of 'Honeycrisp' appeared to have arisen from a recombination event in its paternal parent MN 1627 (data not shown). The other case was haplotype C F2 -Ma3 of 'WA 5' (source: F2-26829-2-2) and haplotype C ES -ma3 of 'Arlet' (source: 'Esopus Spitzenburg'). In this case, recent recombination within the haploblock appeared unlikely because haplotypesharing extended for 36 cM around this region (Online Resource 14). Lack of discrimination by the SNPs in the region also appeared unlikely because the phenomenon remained when using a higher resolution of 58 SNP markers from the 20K Infinium array (Bianco et al. 2014) within the same interval (data not shown). A comparison of harmonized TA data from subsets of offspring that had otherwise identical QTL genotypes (while distinguishing between Q and Q 2 at both loci, results not shown) confirmed the statistical significance of the Q/q contrast for the C F2 -Ma3 and C GG+DO -ma3 haplotypes (p = 0.048).
The average effect of each Q-dose for each QTL across the 3 years was + 1.8 mg/L (H), + 1.2 mg/L (10wk), and + 0.9 mg/ L (20wk). Loss of acidity over storage was greater for genotypes associated with higher acidity at harvest (i.e., acidity loss 4× Q > 3× Q > 2× Q > 1× Q > 0 Q). Extrapolated linear regression lines indicated that, with a hypothetical storage treatment of B40wk^(40 weeks cold storage and 1 week at room temperature), fruit acidity levels converged to a common baseline level that depended on the year (Fig. 3) . Loss of acidity over storage was greatest in 2011 for all genotypes, and this year had the lowest extrapolated baseline (Fig. 3c) . Averaged over the three observed years, the extrapolated baseline was approximately 1.0 mg/L (Fig. 3d) .
To determine whether the two Ma-Q-allele types, common Q and 'Duchess of Oldenburg'-derived BQ 2 ,^were associated with consistently significant differences in effect size, comparisons were made among offspring that had these different Q-allele sources but the same genetic background at Ma3. These comparisons were among Ma-Qq, Ma-Q 2 q, and Maqq, with Ma3 always being homozygous qq. A statistically significant difference in TA content was observed (p < 0.005), whereby the rare 'Duchess of Oldenburg' Q 2 allele was associated with a higher TA content, + 0.5 mg/L at harvest across 3 years, compared to the common, multiancestor Q allele (Fig. 4) .
Evidence was obtained for the presence in the selection W1 of a Ma3 allele of higher acidity (Q 2 ) with an effect in between that of the common q and Q alleles. Two families had W1 (QQ/qq or QQ/Q 2 q) as a parent: 'Cripps Pink' (Qq/Qq) × W1 and W1 × 'WA 5' (Qq/Qq). W1 segregated for its Ma3 q alleles, D-Ma3 and F-ma3, which were respectively inherited without recombination by 13 and 29 offspring. Each of the two sets was further subdivided into three classes according to their number of Ma-Q and Ma3-Q alleles. The set of offspring having the D-Ma3 allele had a higher average TA content at H and 10wk with each number of Bbackground^Q alleles and in each year (Online Resource 15). The distributions of the normalized TA values were statistically significantly different at H and 10wk for each year (0.003 < p < 0.047), except for H in 2011 (p = 0.38). The effect averaged + 0.8 mg/L (Online Resource 15), which was less than the effects of + 1.8 mg/L (H) and + 1.2 mg/L (10wk) for the common Ma3-allele. Hence, W1 appeared to segregate for a Q 2 allele with an intermediate effect between q and Q.
Combined QTL effects
Phenotypic variance explained by Ma, Ma3, and Ma+Ma3 was 26.9 ± 2.4%, 39.1 ± 0.6%, and 66.0 ± 1.9%, respectively, across the six storage-year-replication combinations for which the estimated parental QTL genotypes were consistent with the consensus genotypes (Online Resources 13 and 16). The explained variance decreased with increasing storage duration for Ma (from 30.2 ± 2.1 for H to 20.5 ± 0.3% for 10wk) and remained stable for Ma3 (38.3 ± 0.3% for H and 40.7 ± 0.5% for 10wk). Estimated dominance levels of Ma and Ma3 for TA content across all years, run replications, and QTL genotypes were 5.8 ± 1.1% and 1.5 ±1.9% respectively.
Considering both QTLs at once, fruit acidity increased with Q-allele dose at each storage period (Fig. 3) . A single Q-dose at Ma was associated with a higher TA content than was a single Q-dose at Ma3, adding 2.0 and 0.7 mg/L, respectively, at harvest (across all 3 years) compared togenotypes. In the presence of a total of two Q alleles across both loci, offspring heterozygous at both loci had slightly higher or equal (but never lower) TA content than offspring having both Q alleles at Ma (Fig. 3) . Comparisons to offspring with both Q alleles at Ma3 could not be made as such germplasm was not present in the dataset. In the presence of a total of three Q alleles, offspring homozygous at Ma3 tended to have a higher TA content than those homozygous at Ma. The effect of both loci being QQ-homozygous could not be estimated due to too few such offspring.
Discussion
Two large-effect QTLs influencing apple fruit acidity levels before and after commercially relevant fruit storage treatment were detected in US breeding germplasm. These QTLs were characterized across breeding families derived from nine parents with common ancestors but also distinct founders. The two QTLs that were consistently detected, Ma on LG 16 and Ma3 on LG 8 (the latter locus being newly named here), represented loci detected previously in biparental family studies. Combined effects of alleles from the two loci highlighted the utility of this DNAbased information in new cultivar development for targeting desired fruit acidity levels before or after storage.
General genetic influences on fruit acidity from harvest through storage
The high heritability estimates for apple fruit acidity at harvest (H 2 = 0.87 ± 0.02) and for the 10wk treatment (H 2 = 0.73 ± 0.05), largely due to additive variance, across the 16 full-sib families from nine parents and 3 years of evaluation was as expected from previous studies (Baojiang et al. 1995; Maliepaard et al. 1998; Liebhard et al. 2003; Kouassi et al. 2009 ). These high estimates signified a large opportunity to identify the underlying genetic factors segregating in this germplasm. While it is difficult to harvest apple fruit in a standardized manner from genetically variable populations (Evans et al. 2012; Howard et al. 2018) , the high heritability estimates obtained indicate that any discrepancies in determining standardized maturity across trees within and among years were minimal for fruit acidity compared to genetic influences. Kouassi et al. (2009) reported narrow-sense heritabilities for four storage treatments of 0.79 ± 0.01 to 0.81 ± 0.01 for TA on 2207 pedigreed individuals in 29 families from breeding programs of six European countries. Those heritability estimates were therefore stable over storage and were also the highest among numerous fruit quality traits evaluated in that study, in contrast with our study's decrease in this general genetic signal with storage. The difference between our results and those of the previously mentioned report might be due to differences in phenotyping or statistical methods or storage treatments. More likely, there is a fundamental difference in QTL genotypes and alleles present-for example, several ancestors of Kouassi et al. (2009) were associated with extreme breeding values for acidity-perhaps homozygous QQ for Ma3 and Ma, or having BQ 3^a lleles associated with extremely high acidity-and germplasm of these types were not represented in the present study. The low additive genetic variance calculated for the 20wk treatment (Table 1) indicated limitations for an additive genetic model to adequately describe the phenotypic data. Reanalyzing the 20wk dataset with a genetic model in FlexQTL™ that allowed for the presence of both additive and dominance effects did not find dominance to be a significant effect for Ma and Ma3 (results not shown) . The difference between the univariate analysis results, which indicated significant dominance effects for 20wk, and the FlexQTL™ evidence showing otherwise might be due to dominance effects contributed by many small-effect trait loci other than Ma and Ma3 and thus were not detected by FlexQTL™.
Identities and effects of detected QTLs
The two detected QTLs influencing apple fruit acidity for all storage treatments were the only ones that had statistical evidence. The detection of these two QTLs was consistent with previous reports on biparental families using fruit evaluated only at harvest. Our detected BMa^locus was very likely that controlled by the aluminum-activated malate transporter ALMT1 gene on LG 16 described by Bai et al. (2012) and Khan et al. (2013) , as evidenced by genomic positioning. Our BMa3^might be identical to the acidity QTL reported on LG 8 by Liebhard et al. (2003) , Kenis et al. (2008) , Zhang et al. (2012) , and Ma et al. (2015b) based on colocalization on aligned genetic linkage maps and/or the GDDH13 reference genome sequence (Online Resource 17).
Effects of the two QTLs detected were maintained across many genomic backgrounds typical of breeding germplasm, providing confidence in breeding consideration of genotypes for these QTLs. Our 9-parent, 16-family germplasm set had a wider range of genetic backgrounds than the biparental families of Liebhard et al. (2003) , Zhang et al. (2012) , and Ma et al. (2016) ('Fiesta' × 'Discovery,' 'Jonathan' × 'Golden Delicious,' and 'Jiguan' × 'Wangshanhong,' respectively), allowing for more allelic combinations of the two largeeffect QTLs and other influencing loci. Our large and similar effects calculated for the Ma and Ma3 QTLs were in agreement with those previous biparental studies. The phenotypic variance explained for each (Ma, 27 ± 2% and Ma3, 39 ± 1%, with a combined effect of 66 ± 2%) was slightly less than Liebhard et al. (2003) reported (42% and 46%, respectively), higher than reported by Ma et al. (2016) (12% and 14%, respectively) and Zhang et al. (2012) (13.5% for Ma3) for their single Ma3. It is noteworthy that QTL effects were calculated to be so high in the present study, indicating that the two QTLs indeed account for the bulk of genetic variation for fruit acidity across a wide range of breeding germplasm. Kenis et al. (2008) , using another biparental family ('Telamon' × 'Braeburn'), reported 30-34% of the phenotypic variation being explained by a LG 16 QTL (Ma), similar to above, but only 8% by a LG 8 QTL (Ma3). That lower influence of Ma3 can be now explained by the segregation of a Q 2 allele associated with acidity levels not as high as the common Q allele.
Ma is reported to have additive gene action in papers where titratable acidity was used as the measure of fruit acidity (Liebhard et al. 2003) , and dominant gene action was reported where pH was used (Maliepaard et al. 1998; Xu et al. 2012; Khan et al. 2013) . These conclusions appear to be conflicting, but might be explained by differences in the scales of observation, TA being linear and pH being logarithmic. In QTL discovery approaches that assume additive gene action, such as in our current analysis, the use of TA would therefore be the appropriate measure of acidity. The appropriate QTL analytical model for sensory evaluations of acidity would depend on whether the scale was more aligned with TA or pH. In the study of Jia et al. (2018) where malic acid content was assessed by HPLC, genetic action of the Ma allele varied between full-sib families, being dominant in 'Jonathan' × 'Golden Delicious' and additive in Malus asiatica 'Zisai Pearl' × M. domestica 'Red Fuji.' The cause for this variable genetic action is not clear.
Two-allele model and beyond
In QTL modeling, FlexQTL™ assumes the presence of just two functional QTL alleles (Q and q), associated with high and low phenotypic values respectively. These associations are based on phenotypic contrasts among Q and q alleles determined to be different from IBD analysis across the pedigree structure. Observations of extended shared haplotypes across and around the QTL interval and other chromosomal regions (results not shown) indicate a recent shared, still unknown, ancestor, such as for B F2/Jt -Ma from F2-26829-2-2 or the unknown father of 'Jonathan' and B Ws -Ma from 'Winesap' (Table 3) . However, as QTL alleles calculated to be functionally equivalent arose from numerous ancestral sources (founders) ( Table 3) , some of these sources might actually have a different QTL allele. Indeed, two extended shared haplotypes at Ma3 and beyond (C F2 -Ma3 and C ES -ma3, Online Resource 14) had contrasting Q/q designations. As the contrasting Q/q designations were confirmed by comparing offspring with otherwise identical QTL genotypes (p = 0.01), a mutation from Q to q or vice versa is likely to have occurred and might be of relatively recent origin. In cases such as both C F2 -Ma3 and C ES -ma3 segregating, diagnostic DNA tests will need to ascertain lineage-specific effects or IBD estimates prior to use in marker-assisted selection.
It appears likely that each of the two QTLs have more than two-allele types, as represented by the Q 2 alleles. The higherthan-high-acidity Ma-Q 2 allele of 'Honeycrisp,' inherited from 'Duchess of Oldenburg,' had a distinctive SNP haplotype including a unique allele for the second SNP. The reported causal SNP for the Ma locus, Ma1-SNP1455 (Bai et al. 2012; Chagné et al. 2019) was not able to distinguish the Ma-Q 2 from Ma-Q.
However, a combination of any two of the three SNPs of Ma1-SNP1455, ss475881815, and ss475882553 would be effective to do so (and to establish a germplasm individual's Q-allele dosage). 'Duchess of Oldenburg' is an old Russian cultivar with origins distinct from the bulk of European and US apple germplasm (Beach et al. 1905) , so the unique effect of its allele is not surprising. Assuming that the high-acidity Q allele is ancestral to low-acid q allele contributing to increased animal palatability (Ma et al. 2015a; Duan et al. 2017) , the seniority, genesis, and DNA sequence differences of Ma-Q 2 and the common Ma-Q are yet to be clarified.
Ma3-Q 2 had low representation as it was present in just two full-sib families that also showed distorted segregation. Therefore, its discovery was at risk of being false, being due to the coincidental more than usual presence of phenotypic outliers. Confirmation on it being true comes from its colocalization with a QTL of relatively small effect reported by Kenis et al. (2008) . That reported result can now be explained by both parents in that study being Q 2 q rather than qq, thus having a smaller phenotypic contrast between the QTL's segregating alleles than would Qq parents. Like W1 in the present study that inherited the Ma3-Q 2 allele from 'McIntosh,' the mapping family's parent 'Telamon' in Kenis et al. (2008) is also a (direct) 'McIntosh' descendant and the allele it inherited f r o m ' M c I n t o s h ' w a s d e t e r m i n e d b y u s , u s i n g FruitBreedomics SNP data (results not shown), to be IBD with the W1 allele. Similarly, the second allele of 'Telamon' inherited from 'Crimson Golden' through 'Golden Delicious' was part of haplotype E-ma3 (Table 3 ). The existence of multiple degrees of Q-allele effects that were well represented in the present study's germplasm could explain why FlexQTL™ was not able to reach convergence in its QTL genotype estimates for W1 in some runs for 2010.
Use of the IBD approach ) might be useful to infer QTL genotypes of other breeding parents, ancestors, and founders that are genetically related to our currently examined important breeding parents. Such inferences would help extend QTL genotyping results on specific germplasm to wider germplasm. Comparisons among QTL studies could provide insights into the robustness of QTL effects across genetic backgrounds and environments. For example, the presence of a Ma3-Q 2 allele in our study was consistent with another QTL mapping study (Kenis et al. 2008) on germplasm that had a common founder origin of the favorable QTL allele. In addition to confirmations, we also noticed some inconsistencies.
Our data allowed complete QTL genotyping of 'Jonathan' and 'Golden Delicious,' two major founders in apple breeding worldwide. These founders were predicted to be heterozygous for Ma and homozygousfor Ma3. In contrast, Ma seemed not to segregate in studies of a 'Jonathan' × 'Golden Delicious' full-sib family with acidity measured as malate content via HPLC, whereas a QTL was found for Ma3 segregating from 'Jonathan' (Zhang et al. 2012; Sun et al. 2015; Jia et al. 2018) . Assuming the 'Jonathan' used in these studies was true-to-type, and if titratable acidity and HPLCassessed malate content are equivalent for apple fruit, then the effect of Ma3 might be sensitive to environmental factors and/ or genetic background.
Diagnostic markers and causal genes
Two or more of the available SNP markers for each locus would be required to diagnose the alleles present in any individual. For the Ma locus, the SNP marker ss475882553 (GDsnp01588) was predictive for Q/q from ten of the eleven ancestral sources. Its predictiveness is further confirmed by consistency of its QTL genotypes in parents of reported QTL studies on acidity. For example, 'Braeburn,' 'Discovery,' 'Fiesta,' 'Prima,' and 'Telamon' were reported to be heterozygous at Ma (Maliepaard et al. 1998; Liebhard et al. 2003; Kenis et al. 2008 ) and were all heterozygous for this marker (in the present dataset or that of FruitBreedomics). Only for 'Duchess of Oldenburg' and derived germplasm carrying the Q 2 allele from this source was ss475882553 not predictive. However, the nearby SNP marker ss475881815 alone discriminated this rare Q-allele source. Statements on its predictiveness in segregating families require insights on its distance from the actual gene to which this Q 2 allele belongs. If this would indeed be the ALMT1 gene of Ma, the physical distance is more than 3 Mb, suggesting a genetic distance of approximately 7 cM. Also, further information on the strength of the currently found association would be required prior to its application on wider germplasm.
The reported causal polymorphism for Ma/ma is based on an intragenic SNP creating a truncated, ineffective protein for the ma allele, providing the basis for a functional diagnostic DNA marker (Ma et al. 2015b; Jia et al. 2018) . However, it does not appear that 'Duchess of Oldenburg' or its descendants were included in the study that identified that causal mutation, allowing for the possibility that this cultivar carries a different mutation at the Ma locus or in a nearby gene such as the Ma2 gene described by Bai et al. (2012) . Because none of the current single SNP markers at the Ma3 locus were predictive for any Q/q source across the germplasm (they were only predictive within families), extrapolating the Q/q status of Ma locus alleles across germplasm requires consideration of multiple SNPs at once, i.e., haplotypes.
Sun identified 194 genes on the GD 1.0 draft genome sequence corresponding to the LG 8 QTL found in 'Jonathan' × 'Golden Delicious,' and performed some initial candidate gene expression studies. Results from qPCR, complementation, transient expression, and protein studies reported by Jia et al. (2018) , continuing the work of Sun et al. (2015) , gave insight into the gene networks and signaling pathways involved in vacuolar malic acid content: MdPP2CH inactivated three vacuolar H+-ATPases that serve as proton pumps across the tonoplast (MdVHA-A3, MdVHA-B2, and MdVHA-D2) as the aluminum-activated malate transporter MdALMTII. Also, MdPP2CH was determined to be suppressed by the early auxin response gene, MdSAUR37. Jia et al. (2018) focused on QTL LG 8 co-localizing genes that showed the highest differential segregation between two bulks of high-and low-malate offspring and prioritized genes that were segregating in both the parents 'Jonathan' and 'Golden Delicious,' despite the LG 8 QTL segregating in 'Jonathan' only. These prioritized genes showed a distorted ratio of zygotic genotypes among the 246 randomly chosen offspring of 'Jonathan' × 'Golden Delicious.' For example, their MdPP2CH marker showed a AA:AG:GG segregation of 82:97:67, a significant deviation from the expected 1:2:1 ratio (p = 0.002), and showed a significant lack of heterozygotes (p = 0.005). The presence of distorted segregation for the LG 8 QTL region in the randomly chosen offspring indicates the presence of selection pressure against certain alleles or zygotes. Depending on how this selection-sensitive trait co-segregated with malate content, the differential segregation between the bulks might have arisen not only from artificial selection for contrasting malate content. This feature might make the bulked segregant analysis approach that was used ineffective for the intended purpose. An alternative, efficient way to identify candidate genes and develop predictive markers for Ma3 might be selective phenotyping and intense genotyping of offspring with recombination in the QTL interval. Segregation distortions in the randomly chosen offspring might indicate the presence of lethal alleles (Gao and van de Weg, 2006) . If true, the observed zygotic genotype ratio was consistent with biparental segregation of a single, recessive, lethal allele for a locus located approximately 10 cM from the LG 8 QTL, for which the lethal allele of 'Jonathan' was in coupling phase with the Q-allele for malate content (data not shown).
Limitations in this study
This study observed and managed large experimental variation in the phenotypic data. While TA content generally decreased during storage, some samples showed a large increase of up to 3.7 mg/L. Also, individuals could show large differences between years in TA at harvest. Such phenomena have not been reported in previous QTL mapping studies, which might indicate previous ignorance or the presence here of a more than usual level of experimental error. Curation for extreme outliers improved the between-year correlations, although still only to moderate levels (Online Resources 3, 4, 5, and 8), probably leaving considerable experimental variation in the genetic analyses. This residual variation might explain the variability in the observed mode and interval size of the QTLs and in the parental QTL genotype estimates among storage treatments and years (Fig. 2, Online Resource 13) . The presence of outliers might raise uncertainty on the true presence of multiple Q alleles, especially for Ma3 as its discovery was based on a low number of offspring. In that respect, it was useful that our findings on Ma3-Q 2 were consistent with previous research of Kenis et al. (2008) .
Another limitation was in the bi-allelic nature of the QTL models used in QTL mapping. In the presence of multiple Q alleles of different effect, FlexQTL™ could be wrong in its Q vs. q designations. The presence in the germplasm of more than one kind of high-acidity Q allele for Ma and Ma3, with quantitatively differing effects for each, might have contributed to the software's inability to determine consistent QTL genotype estimates for certain parents and might have led to incorrectly designated alleles for others. For example, the presence of the Ma-Q 2 allele in 'Honeycrisp' might have hindered FlexQTL™'s ability to accurately designate Q vs. q alleles for that cultivar for both QTLs. This possible issue had only a minor role in our study. A co-factor analyses with SNP ss475882553 as a co-factor representing Ma-Q 2 did not affect the previous consensus QTL genotypes-with one exception (Online Resource 18). Previously, W1 was assigned Ma3-qq, whereas in the co-factor analyses results were inconclusive: estimates were inconsistent between years and even within a single simulation (2012-10wk, R2, Online Resource 18). Accounting for the higher-than-high-acidity Ma-Q 2 allele increased awareness of QTL genotype assignment issues with W1, which we can now understand from the presence of a less-strong Ma3-Q 2 allele in this selection.
While the previous two limitations related to confidence in the discovered QTL models, a third limitation relates to obtaining practical insight from the implications of our QTL model. Under-representation in some parts of the compound QTL genotypes (Online Resources 19 and 20) hampers strong conclusions on the performance of QTLs across wide germplasm. Under-representation is true for most QTL mapping studies on a multi-locus trait. In our study, classes with three to four Q-doses were mostly under-represented. This outcome is readily expected from binomial probability. Assuming regular segregation and a balanced representation of QTL genotypes across the parent pairs, the class of smallest sample size theoretically holds 1/16 (6.3%) and 1/ 81 (1.2%) of the total population in the case of a bi-allelic or tri-allelic two-locus trait, respectively. With a population size of around 160 phenotyped offspring per dataset such as in our study, such a class would hold 10 and 2 offspring, respectively. In addition, QTL genotypes are usually not equally distributed over parent pairs and sampling errors occur also, increasing chances for genotype classes with no or very low representation. However, because of obtained insights on effects of trait loci, numbers of alleles, and parental QTL genotypes, directed crosses can now be made for future studies to examine the effects of particular compound QTL genotypes.
Q-allele dosage model of apple fruit acidity
The presence of just two major QTLs and the consideration of just two alleles per locus provided a simplified interpretation of fruit acidity genetic control that might lend itself to easy integration into routine breeding decisions. The largely additive genetic variation, compared to relatively low dominance and epistasis, and the similar-sized effects of the two QTLs, as observed for the H and 10wk evaluations, indicated that the dosage of high-acidity alleles could be a simple way to understand effects of the two loci. In this model, as long as high-acidity alleles can be distinguished and counted for any individual, there is no need to consider the particular allelic combinations. Some interesting features arose from this model, displayed in Fig. 3 . First, at harvest were observed the largest phenotypic distinctions among Ma-Ma3 compound genotypes, which went along with the highest broad-and narrow-sense heritability estimates (Table 1) . Second, the higher the Q-allele dosage the greater the acidity depletion with storage. This phenomenon indicates physiological limitations of fruit acidity maintenance over long periods of storage, and has breeding implications. As organic acids are considered an energy source for fruit metabolism during storage (Etienne et al. 2013) , the greater acidity depletion in fruit of cultivars with higher Q-allele dosage might mean that high levels of titratable acidity are depleted at the expense of other energy reserves. Third, the order of QTL genotypes for TA content remained the same during the examined storage period: no crossing regression lines. Therefore, fruit acidity after storage appears to be a function of acidity at harvest, which itself could be explained as a function of Qallele dosage.
The apparent baseline of fruit acidity reached after extended storage of fruit that was indicated by extrapolating beyond the experimentally observed results for each compound genotype has important implications, if true. If indeed TA decreases linearly over time in storage, all genotypes were predicted to eventually reach the same level after about 9-12 months, with QTL genotype no longer influencing fruit acidity. Fluctuations over the 3 years in the rate of loss and storage time to reach the baseline might be due to particular pre-harvest conditions experienced each year by the trees, as they were all grown at the same location. These observations imply that TA measured at harvest for a set of cultivars representing several Q-allele dosages could be used to predict acidity loss patterns throughout the subsequent storage season. Further study is warranted to investigate whether fruit acidity decreases linearly with time in storage, and, if so, if the arising predictive relationship that takes advantage of new genetic information on Q-allele dosage holds up in evaluations of fruit stored for durations between 2 and 12 months and in germplasm grown at other locations under other conditions over several years. It would also be valuable to identify pre-harvest factors that influence initial acidity levels and final baselines both for prediction purposes and to inform management practices that could help achieve fruit within target acidity levels for as long as possible to extend market life.
Breeding targets for Q-allele dosage
Our results indicate that breeders can select for particular Qallele dosages to achieve a particular desired level of high acidity after storage-such as doses of 3× and 4× to achieve fruit with 5 mg/L TA after a 20wk treatment (Fig. 3a) . Similarly, the results indicate that, to avoid acidity being too low, particular Q-allele dosages should be avoided-such as 0× or 1× doses to avoid fruit with less than 3.5 mg/LTA after a 20wk treatment (Fig. 3a) . As acidity levels of > 5 mg/L are generally considered desirable for apple fruit (Harker et al. 2008 ) and most apple fruit consumed are subject to several months of storage, a breeding target of 3-4 Q alleles might appear to be feasible. However, there are several arguments against that strategy. First, the acidity associated with such fruit is expected to be unpalatable at harvest. Second, the relatively rapid depletion of acidity in storage of these highest Q-allele dosages would be expected to be associated with an inconsistent perceived flavor over time, which could confuse consumers. Third, the rapid depletion of acidity would be expected to be associated with the shortest time within the desired range, and thus the shortest market life. Indeed, breeders appear to have avoided such a strategy as all nine important breeding parents in the present study carried only one or two Q alleles. And, from our observations over wider germplasm, few if any cultivars and selections, from heritage to modern, appear to have more than two Q alleles. Besides too many Q alleles, zero Q alleles with its associated bland flavor also appear to have been completely avoided in apple cultivar development. Because of the high frequency and multiple sources of Q and q alleles for both QTLs, there are numerous ways that breeders are able to achieve the desired number of Q alleles in new cultivar development. Finetuning of the Q-allele dosage model to account for some epistasis between the two loci and effects of alternative (Q 2 ) alleles could further improve the explanatory power of the Q-allele dosage model.
Data archiving statement
Genotypic data (1344 filtered SNP markers) of the multifamily germplasm set investigated has been submitted to the Genome Database for Rosaceae (www.rosaceae.org).
